Creating materials with a structural hierarchy that is independently controllable at a range of scales requires breaking naturally occurring hierarchies. Breaking natural hierarchies is possible if building block attributes can be decoupled from the structure of pre-assembled, mesoscale building blocks that form the next level in the structural hierarchy. Here, we show that pre-assembled colloidal structures achieving geometric and interaction decoupling can be prepared in emulsions of silica superballs, which are cubic-like particles with rounded edges. We show that, for clusters of up to nine particles, colloidal superballs pack consistently like spheres, despite the presence of shape anisotropy and facets in the cubic-like particles. We compare our results with clusters prepared with magnetic superballs and find good qualitative agreement, suggesting that the cluster geometries are solely determined by the shape of the constituent particles. Our findings demonstrate that highly shape-anisotropic building blocks, under suitable conditions, can be pre-assembled into structures that are not found in bulk, thereby achieving a decoupling that can be further exploited for hierarchical materials development.
Main text
A prevailing challenge in materials engineering is to produce materials with controlled structure at several scales [1, 2] . For many materials systems, bulk microstructure is implicitly imprinted in the underlying building block attributes [3] . If building block attributes can be engineered to produce target behaviors simultaneously at several scales, then the direct link between building block attributes and bulk structure is a desirable feature. However, desirable links from building block structure to bulk structure that match target behaviors across intermediate scales is a result that should not be expected to occur in general. In general, it is more likely that, without specifically designed approaches that permit intervention at intermediate scales, building block attribute modification will only control the next larger scale of organization, and not scales above. Indeed, state-of-the-art inverse-design approaches are currently limited (e.g., see [4] ) to straddling a single transition in scale. Because of this limitation, there is a general need for new approaches that allow moving toward the independent control of structure at different scales. Achieving independent control at different scales requires decoupling structural outcomes from building block attributes.
Here, we demonstrate that we can induce shape-anisotropic colloidal building blocks to arrange in geometric structures that are not found in bulk self-assembly. The non-bulk geometric structures we create in experiment can be regarded as a form of "pre-assembly" that produces mesoscale building blocks with geometric arrangements that are decoupled from the attributes of the underlying microscopic building blocks. For spherical building blocks, pre-assembly has been reported in Ref. [5] .
However, fully generalizable pre-assembly requires the building block geometry, particularly for shapeanisotropic building blocks, and the mesoscale building block geometry to be decoupled. Only when this decoupling can be achieved will pre-assembly open a route to independent control of materials structure at all scales (see Figure 1 for a schematic illustration). We achieve shape decoupling by exploiting novel geometric effects that occur when particles are packed in confinement. Although the bulk arrangement of shape-anisotropic colloids involves a subtle interplay of multiple forces [6, 7] , theoretical predictions [8] Producing hierarchical materials where different levels of hierarchy are indepedently controllable requires decoupling properties between scales of organization. Without intervention, bulk self-assembly thermodynamics and kinetics determine, though often emergently, ultimate material properties (green "subway line" above). Targeting alternate material properties requires creating a pathway to those properties from the underlying building block. A pathway from building blocks to alternate properties can be achieved through "pre-assembly" (blue subway line). Pre-assembly can create mesoscale structures that are not found in bulk, thereby providing arrangements of building blocks that can alter natural structural hierarchies.
confinement exhibit a range of structural organization that can be at odds with the particle symmetry, and with bulk packing or assembly behavior. If this putative effect could be realized in experiment through some kind of confinement mechanism, it would be possible to produce mesoscale building blocks within confinement whose structure breaks the emergent hierarchy that exists for free particles in bulk. Similar mechanisms are known to produce structural arrangement in biology; the packing and crowding of macromolecules in cells [9] , the growth of cellular, bacterial and viral aggregates [10] [11] [12] , and blood clotting [13] are a few salient examples.
In this paper, we demonstrate an analogous effect in synthetic colloids using a combination of shape-controlled synthesis and emulsification to confine small numbers of colloids into clusters that defy the arrangement tendencies of their shape and interactions in bulk [14] [15] [16] . The idea is simple, yet effective. The particles, called superballs, have a slightly rounded cubic shape which can be described by:
(x/a) m + (y/a) m + (z/a) m = 1, where L = 2a is the particle's edge length and m is the so-called shape parameter, a value that characterizes the roundness of the particle's corners. This shape is particularly interesting because it smoothly interpolates with m from a sphere at m = 2 to cubic particles with increasingly sharper corners as m → ∞. Despite these particles' lower rotational symmetry, we find that, as with spheres, their packing is uniquely defined. This result is supported by simulations that model the packing of similarly shaped cubes in spherical confinement.
We prepared our experimental clusters from water-in-oil emulsions following the procedure reported by Cho et al. [1] . In a typical experiment, an aqueous silica dispersion was emulsified in hexadecane using Hypermer as a surfactant (see the Methods section for experimental details). The clusters were formed by compression of the slowly evaporating water droplets as shown schematically in Figure 2 .
We used silica particles with three distinct shape parameters: m = 2, 2.7 and 3.4 ( Figure 2c ). Silica spheres (m = 2) of size 648 nm were prepared as described in the Methods section and silica spheres of size 1.2 µm were purchased from Bangs Laboratories. Superballs with shape parameters m = 2.7 and 3.4 were prepared following a procedure reported earlier by some of the present authors [6] . To test the validity of the experimental clustering procedure we first reproduced clusters of spherical particles using silica spheres. The results are shown in Supporting Figure 1 . We find that the procedure is reproducible and that the clusters obtained are representative of the different geometries found by Cho et al. [1] for water-in-oil emulsions of silica spheres. For shape parameters m = 2.7 and 3.4 the resulting packing configurations are shown in Figure 3 . We find that we consistently obtain clusters whose geometries match those of the corresponding sphere clusters shown in Supporting Figure 1 . This is surprising because for m = 2.7 and 3.4, particles show clear facets (see Figure 2c ), and therefore a transition from a sphere to a cubic geometry was expected. These expectations were also supported by a recent work by some of the authors showing differences in geometry for clusters formed from the Platonic solids. These clusters were generated (via computer simulations) through compression of a spherical container [8] , a method which can be directly related to the experimental evaporation of water-in-oil emulsion droplets that we are employing. In their work, Teich et al. showed that clusters of perfect cubes (m = ∞) present a common structure with clusters of spheres only for clusters of 4 and 5 particles. Clusters of higher numbers of perfect cubes are not similar to clusters of spheres according to the similarity metric (utilizing vectors of Steinhardt order parameters to describe clusters as point clouds) employed by Teich et al. Instead, these clusters tend to organize into layers primarily with orthorhombic, monoclinic, or cubic symmetries. Thus, these cluster structures are highly influenced by the cubic shape of their constituent particles. For clusters of N = 5 particles we find degenerate structures: square pyramid and triangular dipyramid. Even though experimental works on sphere clusters of both water-in-oil (w-i-o) and oil-in-water (o-i-w) emulsions reported only triangular dipyramid clusters, we consistently find both geometries in our experiments with spherical particles (see Supporting Figure 1 ). Of the two, the square pyramid represents the densest cluster and is also found in the simulations by Teich et al. [8] . To check the robustness of these experimental results, we have computationally generated dense clusters of hard superballs with the experimental shape parameters m = 2.7 and 3.4 using isobaric
Monte Carlo simulations identical in protocol to those described in [8] . We encased our particles inside a spherical container, and enforced confinement by rejecting trial particle moves if they resulted in any overlaps between particles and the surrounding spherical wall. We also rejected trial particle moves if they resulted in any overlaps between particles. We induced compression of the spherical container by exponentially increasing system pressure to a putatively high value during the simulation. We ran simulations of N = 4 − 9 particles for each shape parameter, and for every (N, m) statepoint we ran 50 compression simulations. We chose the densest cluster achieved at each (N, m) statepoint for further analysis and comparison to experimental results (see Methods). A comparison between representative SEM images of clusters of superballs with m values of 2.7 and 3.4 and the corresponding clusters achieved via computer simulation is included in Figure 3 . We find good qualitative agreement between experiments and computer simulations. For simulated clusters with N = 5 we find only the square pyramid for m = 2.7 and only the triangular dipyramid for m = 3.4. We speculate that, even if low (about 4 %), polydipersity in the shape of the particles gives rise to these two degenerate structures.
For N = 8 the prevalent structure found for superballs with shape parameters m = 2.7 and 3.4 is the twisted-square ( Figure 3 ) also found in spheres in the experiments by Cho et al. [1] and simulations by Teich et al. [8] . In the computer simulations of superballs with the same shape parameters (also in Figure 3 ) we obtain clusters with a similar but compressed structure. The same compressed twistedsquare structures were also present in experiments and, although less abundant than the twistedsquare clusters, they were found in all samples. Figure 4 shows the compressed structures as transition structures between the twisted-square structure and a snub disphenoid, a structure which minimizes the second moment of the mass distribution and is largely found in clusters of spheres obtained from o-i-w emulsion droplets of uncharged particles. It seems that, although less favorable than the twisted-square, the intermediate structures that were also predicted by our computer simulations are accessible by our systems. Computer simulations of particles with higher shape parameters (see Supporting Figure S2 )
show that for clusters with N = 8 particles there is a transition from twisted-square for m = 2 to snub disphenoid for m = 2.7 and 3.4 and back to twisted-square for m = 6 and 8. This transition is solely dependent on the shape parameter. Since the transition is shape dependent, we can hypothesize that the presence of isomers in the experiments is attributable to particle polydispersity in shape.
To further explore the importance of particle shape in determining cluster geometry, we performed computer simulations of particles with higher m values, specifically m = 6 and m = 8, as mentioned previously. Particles with such high shape parameters are not accessible using hematite particles and are in general difficult to obtain experimentally. The results are reported in Supporting Figure S2 . We twisted structures as we go to more cube-like superballs. To test this, we generated clusters of magnetic superballs with strong dipolar interparticle interactions. For this purpose we used core-shell hematite-silica particles with comparable shape parameters prepared as described in Reference [18] . The procedure to prepare the magnetic coreshell particles is identical to that used for the preparation of the non-magnetic particles, with only one difference: the internal magnetic hematite core is not dissolved once the silica shell has been deposited on its surface. The resulting particles have a superball shape, an external silica surface identical to that of the silica superballs, and a permanent magnetic dipole moment strong enough (µ p ≈ 3×10 −15 A m 2 ) to induce dipolar structure formation even in the absence of an external magnetic field [18] . An example of such structures can be seen in the optical microscope image in Figure 5a . Since the surface properties of the magnetic particles are equal to those of the silica particles, clusters of magnetic superballs were prepared using the same procedure employed for the preparation of the silica clusters, as described in the Methods section. As summarized in Figure 5 , we find that clusters made using magnetic superballs again have the same geometry as those formed by (non-magnetic) silica superballs, confirming that shape is the crucial parameter in determining the final cluster geometry. 
Conclusions
A key challenge in designing hierarchically structured materials is to create alternate pathways that can break naturally occurring hierarchies. The earliest opportunity to break natural hierarchies is to alter the local arrangement of the material's basic building blocks. We demonstrated that the emulsification of shape-anisotropic colloids produces clusters with geometric arrangements not observed in the bulk self-assembly or packing of similarly shaped particles [6] , and that are at odds with the underlying particle symmetry. Our findings that similar effects persist for particles that are shape-anisotropic and have magnetic interactions demonstrate that our approach can be used to suppress the effects of both shape and interaction. Collectively, our results demonstrate that our emulsification method produces a form of shape and interaction decoupling that can be exploited as a route to the general pre-assembly of building blocks for the design of hierarchically structured materials.
The experiments we performed here involved clusters of up to nine building blocks. Simulations predict that similar effects can be achieved in clusters with dozens of building blocks [8] , and experiments suggest that non-bulk behavior can be produced in clusters containing hundreds of thousands of building blocks [19] . These results suggest that the pre-assembly approach we demonstrate here can extend to building block geometries, forms of interaction, and cluster sizes well beyond those we studied. To achieve the effects we demonstrated here at scale, we note that prior work shows that emulsification can be followed by the successful separation of clusters, usually via density gradient centrifugation [20] . Given the existence of known techniques that can achieve cluster separation in bulk, to capitalize on the shape and interaction decoupling effects we observed there are several directions for further investigation. On the theory side, building blocks with geometries of the sort presented here can be incorporated into inverse design approaches. For pre-assembled building blocks that are sufficiently small to maintain Brownian motion, they can be included in an inverse design approach like digital alchemy [4, 21] . For larger building blocks that become granular, building blocks arising in densely packed clusters could be used to generate "mutations" in evolutionary design approaches [22] . On the experimental side, our results showing that similar effects can be produced in particles with shapeanisotropy and a magnetic core suggests that further application of this method could be immediately refined to produce pre-assembled building blocks with magnetic patches. Additional experiments with differently shaped particles will yield the pre-assembly of colloidal clusters with novel geometric complexity and with specific surface functionalization that will form the basis for the further development of hierarchically structured materials.
Methods

Preparation of silica superballs
Silica superballs with different shape parameters were prepared employing the procedure described in a previous work by some of the authors [6] . Silica spheres (superballs with m = 2) were prepared following the well known Stöber method [23] . Simulations of colloidal clusters. We computationally generated dense clusters of superballs via isobaric Monte Carlo simulations using spherical confinement, as detailed in the main text. We used the hard particle Monte Carlo (HPMC) [24] method in the open-source simulation toolkit HOOMDblue [25, 26] . The computational workflow and data management were facilitated by the signac data management framework [27, 28] . For each (N, m) state point, we placed N superballs with shape parameter m inside a sphere. We rejected trial particle translations or rotations if they resulted in any particle overlaps or overlaps between particles and the encasing sphere. We enforced increasing spherical confinement by raising dimensionless pressure exponentially from a minimum value of 0.1 to a maximum value of 500 in 10 4 steps. Dimensionless pressure is defined as p * = βpl 3 , where p is pressure and l = L is the superball edge length as defined in the main text. At each pressure value, we allowed the system to equilibrate for 10 3 HPMC timesteps. Throughout each simulation, we tuned particle translation and rotation move sizes, as well as system volume move sizes, to maintain move acceptance ratios of approximately 0.2.
Preparation of superball clusters
We approximated each superball, parameterized by (L, m), as a spherocube, or a cube with a sphere swept around its edges, parameterized instead by (σ, d). σ is the side length of the cube and d is the diameter of the sweeping sphere. We used the approximating spherocubes as the particle shapes in our simulations because the spheropolyhedron overlap check was already implemented in HPMC, and because spherocubes are very good approximations of superballs. To generate each approximation, we followed the prescription laid out in Appendix C of Ref. [29] ; we refer the interested reader to that paper for more detail. In brief, we found (σ, d) such that the corresponding spherocube had the These were the spherocube parameters we used in our simulations.
To test the validity of the experimental procedure we reproduced clusters of spherical particles using two different samples of silica spheres: one with diameter d = 466 nm synthesized by us and one with diameter d = 1.2 µm purchased from Bangs Laboratories Inc. The collective results are reported in Figure S1 . The results obtained show that we have successfully reproduced the procedure reported by Cho et al. [1] . In our experiments for clusters with N = 5 components we find, however, both a triangular dypiramid, which structure minimizes the second-moment of the mass distribution, and a square pyramid which has not been observed so far in experiments. The experimental observations match very well with the clusters obtained by computer simulations, with the exception of N = 5
where simulations only show square pyramid clusters, and N = 7 where no match was found between our experiments and simulations. In our experiments we observe only one of the isomers (pentagonal dipyramid) reported for clusters generated from w-i-o emulsions [1] , whereas the other isomer (tetrameron-trimer) is predicted by our model. 
